Recent investigations on the quadruple perovskite series, ACu 3 Fe 4 O 12 (A = divalent alkaline-earth metal or trivalent rare-earth metal ion), have demonstrated anomalous electronic phase transformations such as charge disproportionation and charge transfer. These behaviors originate from the unusual high valence Fe 4+ (or Fe 3.75+ ) ions that are dominated by ligand holes. In this review, various structural transformations and electronic properties in ACu 3 Fe 4 O 12 perovskites are shown. Furthermore, intriguing structureproperty relationships of the A 3+ Cu 3 Fe 4 O 12 perovskites are presented. The local structural distortions on metal-oxygen bonds, which are represented as bond discrepancies and global instability indices, are closely related to the electronic phase transformations at low temperature generating a wide range of remarkable phenomena such as negative thermal expansion, ferromagnetism, and metalnonmetal transitions.
Introduction
Perovskite-type transition metal oxides demonstrate a rich variety of fascinating properties such as superconductivity, ferromagnetism, magnetotransport, and ferroelectricity. Among them, the Fe 4+ -containing ABO 3 -type perovskites, AFeO 3 (A: Ca, Sr, Ba), exhibit various electronic features with structural modifications. The simple cubic perovskite, SrFeO 3 , has a metallic conductivity with complicated antiferromagnetic spin structures, 1) 3) which are different from the isoelectronic Mn 3+ -based perovskites (with a 3d 4 electron configuration) because of the difference in the charge transfer energy (energy for ligand-tometal charge transfer), ¦ CT . The ¦ CT value is positive for Mn 3+ (+1.8 eV) but negative for Fe 4+ ions (¹3 eV). 4),5) This remarkable electronic state of the Fe 4+ ions also induces intriguing phenomena in other AFeO 3 perovskites, such as the charge disproportionation (CD) of 2Fe 4+ ¼ Fe 3+ + Fe 5+ (2Fe 3+ L 1 ¼ Fe 3+ + Fe 3+ L 2 , where L represents a ligand hole) in the orthorhombic GdFeO 3 -type perovskite CaFeO 3 , and the ferromagnetic alignment of Fe spins in the cubic perovskite BaFeO 3 . 6), 7) The quadruple A-site-ordered perovskite oxides with AAB 3 -B 4 O 12 -type formula have been attracting considerable interest because of their rich variety of physical properties such as magnetoresistance, 8) , 9) charge/orbital/magnetic orderings, 10) and giant dielectric constants. 11) The AAB 3 B 4 O 12 perovskites, in which the original A-sites are divided into icosahedrally coordinated and pseudo-square planar coordinated sites ( Fig. 1) , allow us to investigate complex electronic interactions between ABand Bsite TM ions. In particular, the Fe 4+ (Fe 3.75+ )-containing ACu 3 -Fe 4 O 12 (ACFO) perovskites display interesting phenomena such as CD, charge transfer (CT), and negative thermal expansion (NTE). In this review, structural transformations, electronic properties, and structureproperty relationships in the ACFO perovskites are discussed. 31) phase transition with a symmetry lowering to the Pn 3 space group (No. 201) occurred at 210 K (Fig. 2) . 12) 57 Fe Mössbauer spectroscopy displayed that a CD transition of 2Fe 4+ ¼ Fe 3+ + Fe 5+ occurs simultaneously with the structural phase transition (Fig. 3) . The resulting Fe 3+ and Fe 5+ ions form rock-salt-type charge ordering (CO). During the CD transition, the Cu valence remained at approximately +2, and was therefore not involved in the CD.
A
The electronic properties of the charge-disproportionated CCFO phase were investigated. The magnetization data of CCFO showed a ferromagnetic property below 210 K (Figs. 4 and 5), which was interpreted as the ferrimagnetic alignment of 2Fe 3+ (S = 5/2)↑2Fe 5+ (S = 3/2)↑3Cu 2+ (S = 1/2)↓. Later, neutron powder diffraction and X-ray magnetic circular dichroism measurements confirmed the detailed magnetic structure. 13) The magnetic property of CCFO is distinguishable from that of the antiferromagnetic-like CaFeO 3 . 14) The ferromagnetic alignment of Fe spins in CCFO is attributed to the antiferromagnetic superexchange interactions between the AB-site Cu and B-site Fe ions, 15) whereas antiferromagnetic interactions between only Fe ions are predominant in CaFeO 3 . The electrical conductivity of CCFO abruptly changed below 210 K ( Fig. 6 ). This is derived from the localization of the charge carrier associated with the ligand holes in the charge-disproportionated CCFO phase.
The above-demonstrated electronic properties of CCFO are different from those of the simple perovskite CaFeO 3 , in which metalinsulator, second-order CD, and structural phase transitions occur at 290 K, whereas an antiferromagnetic transition occurs at 115 K. 6) Substantial differences between the properties of CCFO and CaFeO 3 suggest that the insertion of Cu ions into the A-sites may induce complex electronic interactions between the Cu and Fe ions, motivating the investigation of novel ACFO compounds.
SrCu 3 Fe 4 O 12
The synthesis of SrCu 3 Fe 4 O 12 (SCFO) required a high pressure of ³15 GPa. A precursor prepared by polymerization improved the purity of the resulting SCFO sample. 16) It is noted that the electronic states, structural transitions, and physical properties of SCFO are entirely different from those of CCFO because of the difference in the ionic radii of Ca 2+ and Sr 2+ ions. This is in contrast to other AAB 3 B 4 O 12 -type systems, which show less A-site ion-size-related effects on electronic states and properties. 17)19) Interestingly, SCFO displayed a NTE between 170 and 270 K, with a minimum linear thermal expansion coefficient of ¹2.3 © 10 ¹5 K ¹1 (Fig. 2 ). 20) The NTE of SCFO was induced by a continuous CT between Cu and Fe ions (Cu 2+ + Fe 4+ ¼ Cu 3+ + Fe 3+ in a simplified model). The temperature evolution of the metal-oxygen bond lengths (CuO, FeO) indicated that upon cooling the Cu valence tends to increase while the Fe valence decreases in the NTE temperature range. 16 ) 57 Fe Mössbauer spectroscopy revealed that Fe ions disproportionate into Fe 3+ and Fe 5+ below ³200 K, resulting an Fe 3+ :Fe 5+ abundance ratio of ³4:1 at 4 K (Fig. 3 ). The average Fe valence was calculated at approximately +3.4 in this phase, revealing that the Fe valence was reduced from nominally +4 at room temperature.
The CT in SCFO is associated with the steric strain of the elongated (or compressed) metal-oxygen bonds. The bond valence sum (BVS) for Fe sites of SCFO at room temperature is calculated at +3.54. This value is much lower than that expected for a simple ionic model of Sr 2+ Cu 2+ 3 Fe 4+ 4 O 12 . This deviation implies the forced elongation of the FeO bonds. The tensile strain on FeO bonds can drive the observed decrease in Fe valence, resulting in positive charge (electron) transfer from Fe to Cu (and Cu to Fe). The FeO bond elongation with charge transfer leads to the continuous unit cell volume expansion based on the relationship between the bond length/angle and the a-axis length: a = 4(FeO) © sin( = À FeOFe/2). The physical properties of CCFO and SCFO were also quite distinct. SCFO exhibited an antiferromagnetic-like transition at ³170 K, followed by a large deviation in the zero-field-cooling and field-cooling modes below ³80 K because of the short-range magnetic ordering (Fig. 4) . The magnetic properties of SCFO primarily originate from the randomly distributed Fe 3+ and Fe 5+ ions in the charge-disproportionated phase. Ferromagnetic superexchange interactions predominate between adjacent Fe 3+ Fe 5+ ions, whereas antiferromagnetic interactions prevail between adjacent Fe 3+ Fe 3+ /Fe 5+ Fe 5+ ions. The electrical resistivity of SCFO appears to be semiconducting throughout the temperature range measured (Fig. 6 ). ) and their resulting expansion, the unit cell volume abruptly expanded at the CT transition temperature (Fig. 2) . Antiferromagnetic, metalinsulator, and isostructural phase transitions coincided with the CT (Figs. 46) . A subsequent report 22) compounds possessing A-site ions with the same ionic radii (La 3+ and Bi 3+ : 1.17 ¡ for Shannon's ionic radius 24) ). The authors subsequently reported the electronic phase diagram of the Ca 1¹x -La x Cu 3 Fe 4 O 12 solid solution; 25) however, they did not demonstrate what determines the type of electronic phase transitions (CD or CT) in the ACFO system.
A

YCu 3 Fe 4 O 12
YCu 3 Fe 4 O 12 (YCFO), reported in 2013, 26) is formally isoelectronic to LaCFO and BCFO at high temperatures. YCFO was considered to be an appropriate compound for elucidating the structureproperty relationships in perovskites with the formula A 3+ Cu 3 Fe 4 O 12 , because the large differences in the ionic radii of A-site ions (Shannon's ionic radius: r La 3+ = 1.16 ¡, r Y 3+ = 1.019 ¡ 24) ) may affect the low-temperature electronic states and properties. High-pressure (15 GPa) and high-temperature (1273 K) conditions produced good-quality samples of YCFO. 26) The unit cell volume of YCFO changed almost monotonically with temperature, implying the absence of CT (Fig. 2) . The valence states of the Fe and Cu ions in YCFO were investigated by 57 Fe Mössbauer and by soft X-ray absorption spectroscopy, respectively. A primary singlet component was found in the Mössbauer spectrum at room temperature, and its isomer shift value revealed an Fe valence close to +4. The singlet component split into three components below ³250 K: Fe 3+ (1), Fe 3+ (2), and Fe 5+ , showing that YCFO undergoes the CD transition of 8Fe 3.75+ ¼ 5Fe 3+ + 3Fe 5+ type (Fig. 3) . The abundance ratio of these three components was estimated at Fe 3+ (1):Fe 3+ (2):Fe 5+ = 4:1:3. The electron diffraction pattern showed a rock-salt-type CO in the charge-disproportionated YCFO phase, as was observed in CCFO. In the initial structure model of the charge-disproportionated YCFO phase, it was assumed that the excess Fe 3+ ions occupy part of the Fe 5+ sites. The difference in local environments between the Fe 3+ ions at the original Fe 3+ sites [Fe 3+ (1) component] and those incorporated into Fe 5+ sites [Fe 3+ (2) component] were considered in this model wherein the former Fe 3+ ions are almost fully surrounded by Fe 5+ ions, the latter, by Fe 3+ ions (Fig. 3) . This model supports the magnetization data. The saturation magnetization of YCFO at 4 K was ³7.6¯B per formula unit (f.u.). This value is close to that calculated from the magnetic spin alignment model of 2Fe 3+ (1)(S = 5/2)↑-3 / 2 Fe 5+ (S = 3/2)↑-1 / 2 Fe 3+ (2)(S = 5/2)↓-3Cu 2+ (S = 1/2)↓ (10¯B). As a result, the overall features of YCFO more closely resemble those of CCFO than LaCFO. This finding suggests that a systematic study of the A 3+ Cu 3 Fe 4 O 12 series with various A-site ion sizes may provide an in-depth analysis of structureproperty relationships within this system.
Ln 3© Cu 3 Fe 4 O 12 (Ln ¦ lanthanide)
The fact that LaCFO and YCFO have different electronic states and properties suggests that structural distortions originating from the size differences between the A-site ions may affect the low-temperature electronic phases and properties of the A 3+ Cu 3 -Fe 4 O 12 system. A systematic study of Ln 3+ Cu 3 Fe 4 O 12 (LnCFO) with A-site ions of different radii, ranging from 1.16 ¡ (La 3+ ) to 0.977 ¡ (Lu 3+ ), 24) can describe the complete electronic phase diagram of this system. LnCFO compounds with the trivalent Ln ions (Ln = La, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) were successfully obtained using high-pressure (15 GPa) and high-temperature (12731473 K) conditions. 27) The LnCFO perovskites with the larger Ln ions, Pr, Nd, Sm, Eu, Gd, Tb, also showed abrupt volume changes associated with the CT transitions as in LaCFO (Fig. 2) . The CT transition temperatures decreased almost monotonically with the decreasing Ln ionic radius. In contrast, the LnCFO perovksites with the smaller Ln ions, Dy and Lu showed no apparent structural anomalies like those observed in YCFO (Fig. 2) , implying that the CD transitions are predominant in this case. 57 Fe Mössbauer spectroscopy revealed that the end members of this series, DyCu 3 Fe 4 O 12 (DyCFO) and LuCu 3 Fe 4 O 12 (LuCFO), transformed into chargedisproportionated phases below ³250 K (as was observed in the case of YCFO), whereas its counterpart TbCu 3 Fe 4 O 12 (TbCFO) showed the CT transition instead (Fig. 3) . These observations demonstrated that the CT and CD electronic phase boundary is located between TbCFO and DyCFO, which clearly contrasts the wide two-phase-consistence region in the Ca 1¹x La x Cu 3 Fe 4 O 12 system. 25) The electronic properties of LnCFO perovskites displayed clear differences between their CT and CD phase transitions. Antiferromagnetic transitions were observed in LnCFO samples with larger Ln ions, while ferromagnetic (ferrimagnetic) transitions were observed in LnCFO samples with smaller Ln ions (Fig. 5 ). The isothermal magnetization curves of several LnCFO samples showed complex behaviors because of the contributions of the 4f magnetic moments; the steep slopes in the vicinity of the zero field could be used to distinguish between the ferromagnetic and antiferromagnetic components. The electrical resistivity of lowtemperature phase was strongly dependent on the temperature of the CT phases (Fig. 6) . In contrast, the resistivity of the chargedisproportionated phases was less dependent on temperature (Fig. 6 ). These data can reasonably enable the distinction of LnCFO perovskites based on two types of electronic phases. The electronic phase diagram for LnCFO (Fig. 7) displays a clear boundary between the CT and CD phases. In addition, the LnCFO phase diagram successfully excluded the carrier-doping effect of Fe ions, thus enabling consideration of the structural features related to the electronic states.
In order to elucidate the determinants of the low-temperature electronic phase transitions (CT or CD) occurring in the LnCFO perovskites, structural analyses were performed. Crystal structures of all the LnCFO perovskites were refined using the Rietveld refinement program, RIETAN-FP, 28) based on the synchrotron X-ray powder diffraction data. The crystal structures of the LnCFO samples at room temperature (or the lowest temperatures above the CT transitions for LaCFO and PrCu 3 Fe 4 O 12 ) were compared based on the BVS analysis ( Fig. 8) . 29) The BVS of Cu ions are close to +2 for all LnCFO. However, the BVS of Ln ions decreased almost monotonically from 3.60 (LaCFO) to 2.61 (LuCFO), whereas the BVS of Fe ions increases from 3.47 (LaCFO) to 3.80 (LuCFO) with decreasing Ln ionic radii. The deviation of BVS from the nominal oxidation number (V M ) of +3 is defined as the bond discrepancy, 30) 
, and the root-mean-square of bond discrepancies of all the constituent atoms calculates global instability index (GII). 30) The GII versus r Ln plot in Fig. 8(d) displays that the GII has a quadratic-like dependence on the r Ln , implying that the total structural distortions of LnCFO phases are strongly dependent on the Ln ion sizes. The bond discrepancies calculated for the Ln and Fe ions (d Ln and d Fe ) have negative correlations, as seen in the bond discrepancy diagram in Fig. 9(a) . The LnCFO samples that underwent CT transitions are included in the second quadrant, whereas those showing CD transitions are shown in the fourth quadrant. In the former series, compressive (tensile) strains on LnO (FeO) bonds are expected to be relaxed in response to the CT transition. The relationship between the bond discrepancy and the CT transition temperature is evidenced by the GII. 
Summary
Exploratory studies on ACu 3 Fe 4 O 12 perovskites prepared under high pressures and temperatures have demonstrated a rich variety of electronic states and properties originating from unusual high valence Fe ions. Systematic investigations on LnCu 3 Fe 4 O 12 compounds have revealed intriguing structureproperty relationships. The bond discrepancy and global instability indices offer efficient means for evaluating the electronic states and the resulting phase transformations in this system. 
